We investigated chemical etching as a possible means to mitigate the growth ofUV laser-induced surface damage on fused silica. The intent ofthis work is to examine the growth behavior ofexisting damage sites that have been processed to remove the UV absorbing, thermo-chemically modified material within the affected area.
INTRODUCTION
Lawrence Livermore National Laboratory (LLNL) is exploring chemical etching as a possible means to mitigate growth of Uv laser-induced surface damage on fused silica. Prior work at this Laboratory studied the effects of chemical etch depth on the damage threshold of fused silica substrates, finding that the treatment improves the damage performance for most cases 1,2 The study reported here examines the growth behavior of existing damage sites that have been chemically etched to remove the UV absorbing, thermo-chemically modified material within the affected area.
Wet chemical etching of silicate glasses in hydrofluoric acid (HF) based solutions is an age-old process for removing contaminants, shaping optical surfaces, etc., and currently, for patterning integrated circuits. The chemical reactions and the etch rates for removing vitreous silica (Si02) as a function of HF concentrations and other conditions, are well known from previous studies . Also, the surface morphology which results from the etching process on pre-etch surface features such as scratches, digs and micro-cracks, is well established. Particularly, the dissolution ofthe silica in the surface feature is isotropic, leading to opening of crack dimensions and, with further etching, to a cusp-like morphology .Laser induced damage craters are similarly affected by HF etching, to the extent that sharp edges are smoothed and cracks are transformed to a smoother, cusp-like surface. This effect is seen in Fig. 1 which shows a laser produced crater with an internally rough surface, The primary objective ofthis study is to determine the depth ofetching on existing laser-induced damage that is sufficient to eliminate its growth upon repeated illumination of35lnm light at a nominal fluence of8J/cm2. A secondary goal is to determine if fluorescence emission from the damage area is correlated with the growth behavior of an etched crater.
EXPERIMENTAL
In this study, we prepared fused silica substrates with a pattern of laser-induced damage sites. The substrates were etched in a 2% HF acid solution for different lengths oftime to produce sites with different amounts ofremoved material. Typical site morphologies were characterized using optical microscopy and SEM. One ofthe samples was prepared with each damage site etched to a different depth. Fluorescence images were obtained for each site on this sample. Growth tests were performed on the sites by exposing them to pulses from a 35mm laser, at a nominal fluence of 8J/cm2.
The substrates used for the experiments were Corning 7980 fused silica, with dimensions of 5 cm diameter by 1 cm thick. A pattern ofnine equally spaced laser induced damage sites were produced on each substrate, using a single 355 nm, 7.5 ns pulse , at a nominal fluence of 45J/cm2, for each damage site. Each site consists of a cluster of 10 to 1 5 small pits. The typical pit size is 20 tm diameter by 5tm deep, and the typical cluster diameter is 3OOtm. The sites were etched to different depths, ranging from 0.5 tm to 20 tm, using a buffered 2% hydrogen fluoride (HF) solution (2%HF, 15% NH4F, 83% H20). For some substrates, different etch depths were achieved for selected sites by dipping the part into the etchant for different lengths of time. On another substrate, the etch depth at each site was controlled by using a specially designed micro-fountain to deliver the etchant to a local area of about 50 mm2 surrounding the damage pit. The morphologies of the etched sites were examined using optical microscopy, interferometry and SEM. These analytical methods confirmed the etch depths and the smoothness of the etched sites, relative to the un-etched pits.
Fluorescence images of the etched sites were obtained with the configuration shown in Fig.2 . An argon laser is used for excitation at 351 nm. Photoluminescence was detected through a microscope using a cooled CCD detector. Broadband detection revealed primary emission peaks at 470 nm and 650 nm. The integrated emission intensity from each site was recorded. Sensitive detection at the primary emission wavelengths was accomplished using the appropriate filters and the peak emission intensity was recorded for those wavelengths at each damage site. through a microscope using a cooled CCD detector. Broadband detection revealed primary emission peaks at 470 nm and 650 nm. The integrated emission intensity from each site was recorded. Sensitive detection at the primary emission wavelengths was accomplished using the appropriate filters and the peak emission intensity was recorded for those wavelengths at each damage site.
The etched damage sites were tested for growth using a slab Nd:YAG laser at 355 nm with 1Ons laser pulses at 6.8-9.4 JIcm2. The growth rate is determined by measuring the occluded area as a function ofthe number of laser shots on the site. Prior work has determined that after some threshold number of shots, the occluded area, A, grows exponentially with the number of shots, N, at a given fluence, F, ie., AC'exp(a.N), for cta•F-b.
(
The value of a in the exponent is obtained from a fit of the data, and it is used to compare growth rates for chemically etched and un-etched damage sites. Data was accumulated to determine the rate ofthe growth for sites that grew. The test was terminated after 1 000 pulses, if a damage did not grow. An attempt was made to correlate the intensity of fluorescence emission from a given site, with its propensity to grow at all.
RESULTS
The emission spectrum from a typical un-etched damage crater is shown in Fig.3 . Photoemission intensity from a damage site depends on the etch depth and the wavelength suggests the source of luminescence. Three emission peaks are obtained for a 35mm excitation wavelength. The peak at 47Onm is detected from certain parts ofthe damage crater and it correlates with the emission from mechanically damaged silica. The peak at -65Onm is believed to be due to non-bonding oxygen hole centers (NBOHC). The main peak at 55Onm may be due to silicon nano-clusters produced by stripping oxygen from silica. Figure 3 . Excitation at 35mm yields emission peaks at -47Onm (mechanical damage) and 65Onm (non-bonding oxygen hole centers).
Microscope
The main peak at 55Onm may be due to Si clusters.
One sample with 9 damage sites had 5 sites etched locally using a special technique which delivers the acid solution directly on the site. This method allows damages on the same substrate to be etched to different depths. Figure 4 shows the fluorescence emission at 47Onm from sites on the same substrate. The emission intensity is roughly correlated with the depth of etching, as shown in Fig. 5 for the same sample. No growth for N=i 000
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fluence, the growth rates are consistent with those for non-etched sites. Figure 6 shows the growth data for samples that were etched to depths of 1Oim and 2Oim, as they compare to the statistical range ofdata for un-etched damage. The data for the growth ofwet chemical etched sites is given in table 1. Deep chemical etching with 2%HF solution stops growth for about 40% of damage sites on silica and it slows the growth rate for the sites that grow. There is a weak dependence of the total fluorescence emission with the etch depth of a site. However, the total fluorescence intensity from an etched site is not well correlated with the propensity of the site to grow.
We conclude that deep chemical etching shows some promise for mitigating damage growth in fused silica, but fluorescence does not seem to be a good indicator of successful mitigation.
